In Escherichia coli, Vitreoscilla hemoglobin (VHb) protects against oxidative stress, perhaps, in part, by oxidizing OxyR. Here this protection, specifically VHb-associated effects on superoxide dismutase (SOD) and catalase levels, was examined. Exponential or stationary phase cultures of SOD + or SOD − E. coli strains with or without VHb and oxyR antisense were treated with 2 mM hydrogen peroxide without sublethal peroxide induction, and compared to untreated control cultures. The hydrogen peroxide treatment was toxic to both SOD + and SOD − cells, but much more to SOD − cells; expression of VHb in SOD + strains enhanced this toxicity. In contrast, the presence of VHb was generally associated in the SOD + background with a modest increase in SOD activity that was not greatly affected by oxyR antisense or peroxide treatment. In both SOD + and SOD − backgrounds, VHb was associated with higher catalase activity both in the presence and absence of peroxide. Contrary to its stimulatory effects in stationary phase, in exponential phase oxyR antisense generally decreased VHb levels.
Introduction
The hemoglobin from the aerobic bacterium Vitreoscilla (VHb) has been studied extensively in its native host, in its purified form, and when expressed in a variety of heterologous hosts (both prokaryotic and eukaryotic) (Frey & Kallio 2003; Zhang et al. 2007; Stark et al. 2011) . Within Vitreoscilla or heterologous cells evidence indicates that it may have several functions involving oxygen, including binding and delivery of oxygen to the terminal respiratory oxidase (Webster 1987; Ramandeep et al. 2001; Park et al. 2002) , provision of oxygen to oxygenases (Lin et al. 2003) , functioning as an alternative terminal respiratory oxidase (Dikshit et al. 1992) , and detoxification of NO (Frey et al. 2002; Kaur et al. 2002) . In a wide variety of practical applications engineering of heterologous hosts to express VHb has been shown to increase the production of many useful biologicals, as well as enhance natural bioremediation activities (Frey & Kallio 2003; Zhang et al. 2007; Stark et al. 2008 Stark et al. , 2011 .
Recently an interaction between VHb and the transcription factor OxyR (which controls a regulon involved in the oxidative stress response) has been described that involves both control of VHb levels and the conversion of OxyR to its active (oxidized) state; in addition VHb provided protection against both endogenously produced oxidative species and exogenous hydrogen peroxide, and was associated with increases in both superoxide dismutase (SOD) and catalase levels (Anand et al. 2010) . These results correspond to earlier evidence of the protective effect of VHb against oxidative stress (Geckil et al. 2003; Erenler et al. 2004; Kvist et al. 2007 ) and may also help explain how VHb can affect the transcription of hundreds of genes in E. coli (Roos et al. 2004; Isarankura-Na-Ayudhya et al. 2008) .
As the protective effects of VHb against oxidative stress may be one reason for its ability to enhance productivity of heterologous hosts, a thorough understanding of how this occurs may be of considerable practical importance. To that end, we have investigated the VHb-mediated increases in SOD and catalase in E. coli in more detail, using hydrogen peroxide exposure as the stressor. The results of that work are presented below.
Material and methods
Strains and plasmids E. coli strain PN132 (SOD − ) and its SOD + parent strain AB1157 (Benov & Fridovich 1995) were provided by Dr. James Imlay, University of Illinois, Champagne-Urbana. In c 2011 Institute of Molecular Biology, Slovak Academy of Sciences (Anand et al. 2010) . In both plasmids, vgb expression is driven from the native (Vitreoscilla) vgb promoter; this promoter is induced by low oxygen, but is controlled by other mechanisms as well (Anand et al. 2010) . Transcription of the oxyR antisense sequence is driven by the lac promoter on pUC8:16T (Duk 2007) .
Preparation of precultures and growth conditions
To prepare inocula, cells were grown in 5 mL of LB (for strains AB1157 and PN132) or LB containing 100 µg/mL ampicillin (for the four plasmid-bearing strains) at 37 • C and 200 rpm overnight (20 hours). For high aeration conditions, 10 µL of overnight culture was inoculated into 10 mL of the same medium used for inoculum growth in a 50 mL flask and incubated at 37 • C and 200 rpm for 6 hours (A600 = 0.5 for exponential phase) or 18 hours (stationary phase). For low aeration conditions, 20 µL of overnight culture was inoculated into 20 mL of the same medium used for inoculum growth in a 50 mL flask and incubated at 37 • C and 50 rpm for 8 hours (A600 = 0.5 for exponential phase) or 18 hours (stationary phase).
Hydrogen peroxide treatments
Hydrogen peroxide (0-20 mM final concentration) was added to 18 hour cultures of stationary phase cells or 6 (high aeration) or 8 (low aeration) hour cultures of exponential phase cells and incubation continued (as described in the previous paragraph) for 15 min. The control cultures were grown in parallel but without hydrogen peroxide addition. Samples for measurement of SOD, catalase, and VHb levels were taken following the incubations with hydrogen peroxide (or the parallel incubations without hydrogen peroxide for the control cultures). Viable cell counts were made by serial dilutions and plating on LB (for AB1157 and PN132) and LB containing 100 µg/mL ampicillin for the four plasmid-bearing strains.
Analytical measurements AB1157, AB1157[pUC8:16], AB1157[pUC8:16T], PN132, PN132[pUC8:16] and PN132[pUC8:16T] grown under the conditions described above were harvested, pelleted by centrifugation, and the pellets washed with 50 mM sodium phosphate buffer (pH 7.5). The pellets were weighed and resuspended in the same phosphate buffer to A600 = 8, sonicated by six cycles (20 s sonication followed by a 60 s pause on ice), and the lysates centrifuged (10,000 rpm in a high speed Beckman Coulter Allegra 64R centrifuge for 10 min at 4 • C). The resulting supernatants were used for enzyme assays and VHb determinations. SOD activities were measured by using an SOD determination kit obtained from Sigma (Sigma; catalog number 19160). The assay is based on competition of SOD and a water-soluble tetrazolium salt (WST-1) for superoxide. One unit of SOD activity is defined as the amount of protein that results in 50% inhibition of WST-1 reduction.
Catalase activities were determined as described by Aeibi (1984) ; the rates of disappearance of H2O2 were measured spectrophotometrically at 240 nm (ε240 = 40 M −1 cm −1 ). One unit of catalase activity is defined as the amount of enzyme catalyzing the degradation of 1 µmol of H2O2/min at 25 • C.
VHb levels were determined by dithionite treatedminus-untreated difference spectra (∆ε435−405 = 34 M −1 cm −1 ) as previously described (Liu & Webster 1974 ) and normalized to g wet weight of cells used to make each cell extract. Total protein for normalization of both enzyme assays was determined by the Bradford method using BSA as a standard (Bradford 1976 ).
Results and discussion
Hydrogen peroxide toxicity Previously we showed that when a 15 min treatment with 5 mM H 2 O 2 was preceded by a 1 h treatment with a sub-lethal (48 µM) concentration of hydrogen peroxide to induce oxidative stress response operons, VHb afforded protection against H 2 O 2 toxicity for both E. coli AB1157 and PN132. In the work reported here, toxicity of a 15 minute exposure of either stationary or exponential cells of SOD + AB1157 to 2 mM H 2 O 2 without the 48 µM H 2 O 2 induction was generally greater in the presence of VHb than in its absence (Table 1) . These results are generally quite similar to those observed with Enterobacter aerogenes grown and treated with H 2 O 2 in an analogous way (Geckil et al. 2003) . As expected, expression of oxyR antisense most often added an additional level of toxicity.
The reasons for the negative effects of VHb (without the sub-lethal peroxide induction) are not known, but could be related to the peroxidase activity of VHb (Kvist et al. 2007 ), which may produce reactive intermediates before the protective effects of VHb (for ex- ample increases in SOD and catalase activities) become fully active. For the same experiments run at 10 and 20 mM H 2 O 2 cell death was nearly complete or complete for all growth conditions for both strains; again generally similar to observations for E. aerogenes by Geckil et al. (2003) . For PN132 treated in the same way there was generally almost complete or complete killing even at 2 mM H 2 O 2 . The reason for this is not known, but is presumably due to the inability of PN132 to decompose superoxide.
VHb is associated with modest increases in SOD activity As expected, no SOD activity could be detected in any of the three (SOD-mutant) PN132 strains under any growth/treatment conditions. The effects on SOD levels of various combinations of growth conditions (low or high aeration), exposure to 0 or 2 mM H 2 O 2 , and presence or absence of VHb and oxyR antisense were then examined for the AB1157 strains (Table 2) . VHb expression (considering strains both with and without oxyR antisense) afforded a modest but generally consistent increase in SOD levels, at both 0 mM and 2 mM H 2 O 2 . As expected, since OxyR does not control SOD expression (Lin 1999) , the SOD levels in AB1157[pUC8:16] and AB1157[pUC8:16T] were about the same.
These results are in contrast to those seen in E. aerogenes (Geckil et al. 2003; Erenler et al 2004) in which VHb was not correlated with an increase in SOD activity (either with or without H 2 O 2 exposure), but are consistent with the effects of VHb on SOD levels in Streptomyces lividans (Kim et al. 2007) , and especially our previous work, also in E. coli (Anand et al. 2010 ). The reasons for these variations are not yet known, but presumably are related to species differences.
VHb is associated with increases in catalase activity
The effectiveness of the oxyR antisense construct in knock out of OxyR was shown by the fact that no catalase (the expression of which requires OxyR acting as a positive regulator of transcription) could be detected in either AB1157[pUC8:16T] or PN132[pUC8:16T] (Table 3). The effect of VHb on catalase expression in both AB1157 and PN132 in which oxyR antisense was not a factor, however, could be followed, and it was found that in all combinations of strain and growth conditions and at both 0 mM and 2 mM H 2 O 2 , VHb was associated with an increase in catalase activity. These increases were generally much larger for stationary phase cells (Table 3) , perhaps because VHb levels were generally much higher than for exponential phase cells (Table 4 ).
The effects correspond to the qualitative results reported by Anand et al. (2010) in E. coli (2 mM H 2 O 2 treatment), and Kim et al. (2007) for S. lividans (no H 2 O 2 treatment). Erenler et al. (2004) and Geckil et al. (2003) found similar increases in catalase associated with VHb expression in E. aerogenes both without H 2 O 2 and with various levels of H 2 O 2 .
The 0 mM H 2 O 2 results correspond to our previous finding (Anand et al. 2010 ) that VHb appears able to activate OxyR via oxidation by endogenous H 2 O 2 produced by VHb, i.e., even in the absence of exogenously added H 2 O 2 . The coordination of VHb and catalase levels in the absence of added H 2 O 2 was first observed in Vitreoscilla, although the details of the mechanism by which this occurs may be different from those in E. coli (Abrams & Webster 1990 ).
There was often a sizable increase in catalase for cells treated with 2 mM H 2 O 2 versus untreated cells, but it was not consistent among combinations of strains and growth conditions (Table 3 ). This induction is generally as expected, since H 2 O 2 is known to activate OxyR, which in turn activates transcription of the catalase gene. The induction was not seen, for the most part, for stationary phase cells treated with H 2 O 2 for 15 min; the reason for this is as yet unknown.
The consistently higher catalase levels for cells grown under high aeration (as compared to those grown under low aeration) may be due to better growth of cells under high aeration, providing more cell resources for catalase synthesis (the same may be the case for SOD for which absolute levels were generally modestly higher for the same strain grown under high aeration conditions ( Table 2) ).
Unlike its function in stationary phase, OxyR appears to act as a positive regulator of VHb levels in exponential phase Our previous work (Anand et al. 2010 ) indicated that in stationary phase OxyR acts as a repressor of vgb transcription, exerting a 2-4 fold level of control (i.e., expression of oxyR antisense increases VHb levels 2-4 fold). That was confirmed in the work reported here, where we also found that this control was exerted similarly at both 0 mM H 2 O 2 (the conditions used in Anand et al. 2010 ) and 2 mM H 2 O 2 (Table 4, B) . In exponential phase, however, the effect of OxyR on VHb levels is reversed, oxyR antisense expression generally being associated with a lowering of VHb levels, indicating that OxyR is acting as a positive regulator (Table 4, A) . This effect was greater for the AB1157 strains than for the PN132 strains.
OxyR is known to be able to act as both a positive and negative transcriptional regulator (Lin 1999 ), but the mechanism by which this change occurs with VHb and depending on the growth phase is unknown. It is known, however, that the likely binding site for OxyR on the vgb promoter overlaps the binding sites of other transcription factors (Fnr, Crp, ArcA) (Anand et al. 2010) , and perhaps growth phase sensitive changes in the binding of these factors and their interactions with OxyR are responsible.
The VHb levels were lower at 2 mM compared to 0 mM H 2 O 2 for all combinations of conditions for both AB1157 and PN132 strains. Additionally, VHb levels were higher for AB1157 strains compared to the corresponding PN132 strains for all combinations of conditions, and VHb levels were consistently lower for cells grown under low aeration compared to those grown under high aeration conditions. The latter result is perhaps unexpected, as VHb expression is known to be induced at low oxygen concentrations (Webster 1987) , which might be expected to prevail to a greater extent under low aeration. On the other hand, even in mid-exponential phase with vigorous aeration, as cell concentrations increase, oxygen levels may fall far enough to induce vgb (Khosravi et al. 1990) , and cells which have been growing with more vigorous aeration may have more resources to divert to VHb synthesis than those grown at lower aeration (as mentioned above in the case of catalase and SOD).
Possible mechanisms of VHb-associated oxidative stress protection Our results are generally consistent with previous results in Vitreoscilla (Abrams and Webster 1990 ), E. aerogenes (Geckil et al. 2003; Erenler et al. 2004 ) and S. lividans (Kim et al. 2007 ), that VHb is associated with increases in the oxidative response enzymes catalase and SOD. In addition, taken together with our recent work concerning the molecular mechanisms by which VHb induces protection against reactive oxygen species in E. coli and how effective these mechanisms are on a whole cell basis (Anand et al. 2010) , these results, also in E. coli, give a description of this mechanism that is the most complete to date.
The induction by VHb of transcription of the SOD gene (Anand et al. 2010 ) was found to generally correlate with an increase in SOD activity (seen in this work). This increase, along with the ability of ferric VHb to convert superoxide to molecular oxygen (Orii & Webster 1977 ) may be at work to prevent damage produced, presumably by normal respiration-associated superoxide. With respect to catalase, again the induction at the transcriptional level and protection against cell killing that is correlated with VHb presence (Anand et al. 2010 ) parallels the increase in actual catalase levels in the presence of VHb seen in this work.
Taken together then, we have a picture (in E. coli at least) where, either with or without H 2 O 2 stress, VHb leads to an increase in transcription of the SOD gene (by an as yet unknown mechanism), which results in generally higher levels of SOD. At the same time VHb increases transcription of the catalase gene (by activating OxyR), and this increased transcription also results in the expected increase in enzyme activity; furthermore, the VHb-associated increase appears to be independent of that due to exogenous H 2 O 2 . Finally, the increases in both SOD and catalase levels translate into increased protection from cell death and mutation due to reactive oxygen species (Anand et al. 2010) . It is important to note, though, that in the experiments reported here, and unlike those reported in Anand et al. (2010) the presence of VHb, despite its positive effects on SOD and catalase levels, leads generally to lower, not higher cell viability. As mentioned above, this may be related to the absence of a sublethal peroxide induction period; presumably VHb still works to induce SOD and catalase, but the toxicity of 2 mM peroxide without induction is too severe to prevent cell killing before these protective effects can be exerted. Perhaps under these conditions the burden of plasmid maintenance in the VHb-expressing cells places additional stress on the already weakened cells.
SOD + /SOD − comparisons
The clearest difference between the SOD + (AB1157) and SOD − (PN132) strains is in the toxicity to peroxide exposure (Table 1) . As mentioned above, this is presumably related in some way to the absence of SOD in PN132, and superoxide production from the added peroxide by an as yet undetermined pathway. The dif-ferences in catalase production between the two strains and depending on growth conditions are not completely consistent, although the levels in PN132 are generally higher; the reasons for this are also as yet undetermined. Regarding VHb production AB1157 levels are generally substantially higher than those of PN132 under all conditions (Table 4) . As the known regulatory mechanisms for vgb induction should be the same in the two strains, it may be that AB1157 is simply healthier than PN132, and thus better able to support high level production of this recombinant protein.
